Effect of hydrophobic mismatch on domain formation and peptide sorting in the multicomponent lipid bilayers in the presence of immobilized peptides J. Chem. Phys. 141, 074702 (2014) Using limited lipid molecules held by two water-core/oil-shell encapsulated droplets, we formed an optically observable bilayer lipid membrane (BLM) across a microfabricated aperture whose dimension was precisely determined and easily scalable. For the minute volume of a 0.1 lL oil (n-decane) shell encapsulating a 1.5 lL water core droplet, only 0.2 to 2.8 nmol or 0.17 to 2.4 lg lipid was required. Microscopes and electrophysiological measurements were performed on the parallel-plate device with three major steps demonstrated: (1) manipulating selfassembled lipid monolayers at the water-oil interface of the encapsulated droplets by electrowetting-on-dielectric (EWOD), (2) forming a BLM by bringing two lipid monolayers towards the aperture and thinning down the oil film between them by Young-Laplace pressure, and (3) incorporating membrane-bound nanopores, a-hemolysin (aHL), on the BLM. This study shows the influence of the lipid concentration to the interfacial tension and EWOD. Plateau-Gibbs border and black membrane area of the BLM were optically observed, while trans-membrane electrophysiological signals were electrically recorded from a pair of Ag/AgCl electrodes. V C 2014 AIP Publishing LLC.
Formation of suspended bilayer lipid membrane between electrowetting-driven encapsulated droplets I. INTRODUCTION
A suspended bilayer lipid membrane (BLM, which is also the acronym for black lipid membrane or referred to as planar lipid bilayer) 1, 2 provides an artificial and stable physiological model for cell membrane studies including its physical, chemical, and biological properties and the mass transportation phenomena. Among them, membrane-bound ion channel proteins have been most widely investigated on the BLMs. It is because, on the one hand, the research of membrane proteins is crucial to understand the functions of living cells, such as recognition of inside and outside matters across the membrane, regulation for muscle construction, and neuron signaling. [3] [4] [5] On the other hand, without labor-intensive handling individual cells with patch-clamp apparatuses, 6 BLMs offer a more flexible environment for specific ion channel proteins that are modified, purified, and reconstituted. Across the BLM, the physiological reactions, including the pathway of ions or drug molecules to trigger the channels and deliver commands to the intracellular downstream, would be monitored through trans-membrane electrical signals for pharmacological studies. 7 Moreover, optical, spectroscopic, 8 atomic force microscopy (AFM), 9 and other measurements would be integrated on the BLMs along with the electrophysiological recordings.
Over the past decades, several important techniques have been developed for suspended BLM formation. 10 Among them, "painted" and "folded" methods are widely applied. "painted" method, analogous to the formation of soap films in air, forms a BLM between two compartments filled with saline solutions by manually brushing a lipid solution over a puncture of a Teflon sheet. 11 The "folded" bilayer scheme creates a suspended BLM across an orifice with two lipid monolayers self-assembled at the air-water interface. 12 Because the dimension, profile, and surface property of the aperture played important roles in the yield and lifetime of the BLM, photolithography and microfabrication processes were then exploited. [13] [14] [15] [16] [17] By precisely controlling the size of the apertures, studying few or a single ion channel protein(s) becomes possible. Moreover, adopting microfluidic techniques further miniaturized and automated the whole fluidic system. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] BLMs were formed across an aperture by sequentially and alternately flowing electrolyte buffer, lipid/organic solution, and air along microchannels, to imitate the "painted" method. [19] [20] [21] [22] BLM arrays have also been carried out in a continuous-flow microfluidic device. [23] [24] [25] Alternatively, BLM was constructed by approaching and contacting two lipid monolayers self-assembled at the interfaces between water and lipid/organic solutions along a microchannel by pressure 26 or by evaporation of organic solvent. 27 Contacting two aqueous phases with two lipid monolayers was first reported in 1966 28 and recently accomplished with better manipulated droplets. 26, [29] [30] [31] Bayley et al. reported droplet interface bilayers (DIBs) 32 formation and their applications when laterally contacting two or more droplets, immersed in lipid/oil (e.g., hexadecane), using micromanipulators. [33] [34] [35] [36] Furthermore, droplet movements would be automated for BLM formation by the droplet manipulating techniques, including dielectrophoresis (DEP) 37 and electrowetting-on-dielectric (EWOD). 38 However, vertical BLMs between droplets (i.e., DIBs) have been demonstrated between manually [32] [33] [34] [35] [36] or electrically 37, 38 manipulated droplets immersed in a bulk filler lipid/ oil environment. Observation of the vertical BLMs is difficult for conventional microscopy; while controlling the area of the DIB by the volumes and distance between droplets 33 is challenging.
Here we report a digital microfluidic platform to form a horizontal and suspended BLM at an aperture across a middle silicon substrate or photo-definable polymer thin film, by contacting two encapsulated (water-core and oil-shell) droplets 39 driven individually between three plates. The aperture offers a precise and scalable BLM area desirable for study few ion channel proteins, while the encapsulated droplets enhances fluid manipulations, simplifies device packaging, and dramatically reduces the required amount of the samples both in water and oil phases. We observed BLMs between droplets directly from a microscope and confirmed its bilayer structure from the calculated thickness of the membrane based on the electrically recorded capacitance. The bilayer structure was further verified by incorporating membrane-bound a-hemolysin (aHL) nanopores into the formed BLMs.
II. PRINCIPLE AND DESIGN
In the BLM application, the amphiphilic lipid molecules are self-assembled at the water-oil interface and manipulated in the form of a lipid monolayer. With limited volume of the oil shell, the encapsulated droplets reduce the required amount of the elaborately purified or synthesized lipid molecules. Each encapsulated droplet can hold a desirable water/lipid/oil combination, which increases the flexibility of BLM formation. For example, biomimic asymmetric BLMs with distinct inner and outer leaflets can be achieved by contacting two encapsulated droplets having different lipid monolayers. Figure 1 shows the steps to form a BLM across an aperture using a three-plate device consisting of top glass, middle silicon substrate or photo-definable polymer thin film, and bottom glass plates. The three plates are assembled and spaced by spacers that also determine the height of two inter-plate fluidic spaces for two encapsulated droplets. The droplets are driven individually by coplanar EWOD electrodes covered by dielectric and hydrophobic layers on the two glass plates. An aperture is precisely fabricated through the middle silicon plate by anisotropic wet etching or through the polymer thin film by photolithography. The middle plate is then conformally coated by a low surface energy dielectric layer that facilitates droplet pumping and electrical isolation between the core droplets. Three basic steps are developed on the three-plate device, including (1) manipulating encapsulated droplet ( Fig. 1(a) ), (2) thinning down oil film and forming BLM (Figs. 1(b) and 1(c)), and (3) incorporating membrane-bound nanopores ( Fig. 1(d) ). 
A. Manipulating encapsulated droplet
The encapsulated droplets were driven by changing the contact angle of the core droplet using EWOD. When voltage V is applied across the dielectric layer between an electrode and a droplet in air, the contact angle changes from h 0 to h(V), which can be expressed by the Young-Lippmann equation 40 cos
where e 0 is the permittivity of vacuum, e and t the relative permittivity and thickness of the dielectric layer, respectively, and c LG the liquid-gas interfacial tension.
As shown in Fig. 1(a) , when driving the encapsulated droplet by coplanar EWOD electrodes, modifications of Eq. (1) need to be considered. First, because the contact angle change occurs at the water-oil interface, we substitute c LG with the water-oil interfacial tension, c WO . Because the concentration of the lipid varies c WO and EWOD, we need to evaluate EWOD under different lipid concentrations. Additionally, coplanar electrodes require a higher voltage to achieve a certain contact angle h(V). For example, assuming the applied voltage is equally distributed above the two coplanar EWOD electrodes, as shown in Fig. 1 (a), 2 V is required to obtain h(V).
B. Thinning down oil film and forming BLM
As shown in Fig. 1(a) , EWOD changes the contact angle of the core water (KCl) droplet and moves the whole encapsulated droplet towards the powered electrode pair. When contacting two encapsulated droplets at the aperture ( Fig. 1(b) ), two lipid (DPhPC) monolayers are separated by a thin oil (decane) film at the aperture. This particular step is analogous to the classic "painted" method 11 from the viewpoint of delivering the lipid/ oil film to the aperture, and also alike the "folded" bilayer scheme 12 when considering the two lipid monolayers are brought towards each other. Using encapsulated droplets holds the advantages of conventional "painted" and "folded" methods in a more automated way.
During the tinning process ( Fig. 1(b) ), the pressure exerting on the oil film was from the water-oil interfacial pressure described by the Young-Laplace equation
where R 1 and R 2 are the principle radii of curvature of the water-oil interface, determined by the geometry and contact angles of the core water droplet. Subsequently, as shown in Fig. 1(c) , the oil film in the aperture is thinned down by the pressure of the two core water droplets to push the two lipid monolayers closer and finally form a BLM. Because the interfacial pressure is inversely proportional to the height of the droplets, or the inter-plate height, the three-plate configuration enhances the pressure for oil film thinning process. Moreover, by adjusting the contact angle, the pressure difference between the two sides of the oil film is tunable for future controllable and programmable thinning procedure.
C. Incorporating nanopores
After the BLM is formed, membrane-bound ion channel proteins added in the water core droplet are then spontaneously incorporated. As shown in Fig. 1(d) , the function of the nanopores, aHL, is examined by the electrophysiological apparatus. The ion current passing through the nanopores is monitored by the patch clamp amplifier.
III. EXPERIMENTS AND DISCUSSIONS

A. Materials
To form a BLM between two encapsulated droplets, the solutions for oil shells and water cores were prepared. The oil shells contained lipid molecules dissolved in n-decane (Alfa Aesar) at the concentration of 2 mM to 28 mM. Non-fluorescent lipid molecules DPhPC (1,2-diphytanoyl-sn-glycerol-3-phosphocholine, 4ME 16:0 PC, Avanti Polar Lipid) were mainly used for BLM formation. Fluorescent lipid molecules Oregon Green V R 488 DHPE (Oregon Green 488 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, Invitrogen) were tested for encapsulated droplet manipulations. Asymmetric BLM was formed between two encapsulated droplets carrying 2 mol. % fluorescein-labeled ((1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(carboxyfluorescein) (ammonium salt), 18:1 PE CF, Avanti Polar Lipid) and 1 mol. % rhodamine-labeled (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt), 18:1 Liss Rhod PE, Avanti Polar Lipid) lipid molecules dissolved in 2 mM DPhPC. The water droplets were 0.1 or 1 M KCl (Sigma-Aldrich, pH 7.0) aqueous solutions. In the membrane-bound nanopore studies, wild type aHL molecules (Sigma-Aldrich) were added in the KCl droplet.
B. EWOD device and system setup
The three-plate device was designed and fabricated as shown in Fig. 1 . The EWOD coplanar electrodes were patterned on the top and bottom glass plates (0.7 mm-thick) by wet etching of deposited Cu/Ti (200 nm/20 nm) or ITO (indium tin oxide). 39 Subsequently, 1 lm-thick negative photoresist, SU-8 (SU-8 2002, MicroChem), was coated as a dielectric layer. We then spun a 55 nm-thick Teflon (AF 1600, DuPont) layer to make the surface hydrophobic and finish the process of the top and bottom glass plates.
The middle plate having a 130 Â 130 lm 2 aperture was fabricated using a 250 lm-thick, double side polished, 4 in. silicon wafer. The silicon wafer was anisotropically etched in a 20% KOH solution at the temperature of 80 C for 3 h using Si 3 N 4 as the etching mask. 1 lm-thick Parylene was then conformally deposited on the silicon pieces to provide a hydrophobic surface of the aperture for BLM formation and encapsulated droplet movements. The Parylene also served as an insulating material for cross-membrane electrophysiological measurements.
Alternatively, the middle plate can be made of photo-definable 20 lm-thick PerMX (DuPont) coated with Parylene. We first removed the PE (polyethylene) film attached on the PerMX and soft baked the PreMX at 110 C for 4 min. A proper mask with aperture patterns was used during the exposure with the dosage of 300 mJ/cm 2 . Following post exposure bake at 110 C for 4 min, the PerMX was developed in SU-8 developer (MicroChem) for 3 min. The PET (polyethylene terephthalate) film was then removed from the PerMX film after rinsing and drying. 1 lm-thick Parylene was then deposited.
The water (KCl) and oil (DPhPC/decane) droplets were manually pipetted to form two encapsulated droplets within the 300 lm-high gaps between the three plates. Encapsulated droplets with precise and tunable water-to-oil volume ratios can also be prepared from individual water and oil droplets on chip. 39 The assembled devices were placed on an inverted fluorescent microscope (Olympus, IX71 with DP30BW cooled CCD camera). To measure the electrophysiological current, a pair of Ag/AgCl electrodes were placed around the aperture and connected to a patch clamp amplifier (A-M system Model-2400) before assembly and operation. The preinserted Ag/AgCl electrodes were prepared by chlorinating 127 lm-diameter Ag wires in HCl with 1 V DC applied for 30 min. The Ag/AgCl electrodes were kept in 3 M KCl before using. Except for the tip area, the Ag/AgCl electrodes were coated with a thin Teflon layer to avoid interfering droplet movements. However, once the droplets touch the un-coated tip area, the droplets are unlikely to detach from the Ag/AgCl electrodes. A 60 Hz noise eliminator (Quest Scientific) was connected between the patch clamp amplifier and the Ag/AgCl electrodes for removing noise from the environment and other instruments. The measured and amplified current was monitored and recorded through an oscilloscope (Agilent DSO 3000) connected to the patch clamp amplifier.
The contact pads of the coplanar electrodes on the top and bottom glass plates were electrically connected to the common terminals of SPDT (single pole double throw) relays (LU-5, Rayex Electronics). The electric potential of the electrodes was switched by the relays between the electric ground and high potentials. AC electric potential was generated from a function generator (33210 A, Agilent Technologies) and amplified through an amplifier (A-304, A. A. Lab Systems). The relays were switched by the digital output signals of a data acquisition device (USB-6251, National Instruments) programmed by a LabVIEW software.
C. EWOD with lipids
As mentioned above, because the water-oil interfacial tension c WO plays an important role in EWOD, the interfacial tension between KCl and DPhPC/decane was measured by the pendant drop method at room temperature by dripping 0.1 and 1 M KCl droplet in DPhPC/decane solutions with different lipid concentrations as shown in Fig. 2 . Between 0 and 2 mM, the interfacial tension dramatically decreased because the density of the adsorbed DPhPC molecules at the KCldecane interface increased. Above 2 mM, the KCl-decane interface was fully occupied by the lipid molecules and lipid molecules in decane started to aggregate and form micelles. It is clearly seen that the breaks occur at 2 mM, which is also known as the critical micelle concentration (CMC). 42 Based on Eq. (1), smaller interfacial tension tends to lower EWOD voltage. Table I lists the contact angles measured by the sessile drop method using a 2 lL KCl droplet dispensed on a Teflon (55 nm) and SU-8 (1 lm) coated ITO glass plate in a decane environment. As can be seen in Table I , the initial contact angle, h 0 , was not significantly changed by the DPhPC concentration. For both 0.1 and 1 M KCl, the 2 mM DPhPC/decane gave the lowest interfacial tension and when applying the 56 V RMS and 1 kHz signal, the lowest h(V). We found EWOD is most efficient at CMC. We adopted 2 to 28 mM DPhPC/decane in our BLM experiment. Because the shell volume is 0.1 lL, only 0.2 to 2.8 nmol or 0.17 to 2.4 lg DPhPC was necessary in each encapsulated droplet. Driving encapsulated droplets by coplanar EWOD electrodes was first tested on a two-plate device. As shown in Fig. 3(a) , the bottom glass plate contained five pairs of 2 mm Â 2 mm coplanar EWOD Cu/Ti electrodes with interdigitated fingers. A viewing window was designed at the center interdigitated electrodes for BLM observation in the following experiment. SU-8 and Teflon layers were then coated on the electrodes. The top plate was a glass plate coated with a 1 lm-think Parylene layer without Teflon to provide the same surface wettability as the middle plate in the following three-plate device study. An encapsulated droplet consisting of a 1.5 lL, 0.1 M KCl core and a 0.1 lL lipid/decane shell was pipetted on the bottom plate. To clearly view the oil shell, fluorescent lipid molecules, Oregon Green V R 488 DHPE, were dissolved in decane at the concentration of 28 mM. As shown in Fig. 3(b) , the top plate was then carefully assembled to the bottom plate spaced by 300 lm-thick spacers. The transportation of an encapsulated droplet onto the viewing window at the center interdigitated electrode pair was shown in Figs. 3(c)-3(e) . The driving signals were sent to the device through a homemade relay board connected to a PC and programmed by the LabVIEW software. When 1 kHz and 120 V RMS was applied on the center coplanar electrodes, decane, KCl-decane interface with lipid monolayer, and KCl moved sequentially from left to right across the viewing window (Figs. 3(d) and 3(e) ).
D. BLM formation and optical observation
As shown in Fig. 1 , the middle plate was assembled to the top and bottom glass plates spaced by 300 lm-thick spacers in the three-plate device. Two encapsulated droplets were 
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Fan et al. Biomicrofluidics 8, 052006 (2014) driven above and below the middle plate. Figure 4 shows the phase contrast microscopic images of the aperture of the middle plate during BLM formation. In the beginning, the bottom encapsulated droplet, containing a 1.5 lL, 0.1 M KCl core droplet and a 0.1 lL, 28 mM DPhPC/ decane shell, was moved under the aperture. The droplet filled the through hole region of the middle plate and the DPhPC/decane solution can be seen when focusing on the aperture plane as shown in Fig. 4(a) . As the top encapsulated droplet was driven towards the aperture by applying voltage on the top plate electrodes, we saw the decane-air interface moving from left to right across the aperture as indicated by the arrows in Fig. 4(b) . Then, the KCl-decane interface can be seen when it passed through the aperture (Fig. 4(c) ). Once the two encapsulated droplets contacted at the aperture (Fig. 4(d) ), two lipid monolayers at the two KCl-decane interfaces were positioned horizontally across the aperture with a thin oil (decane) film in between as illustrated in Fig. 1(b) . The two DPhPC monolayers started to approach each other because the Young-Laplace pressure from the two KCl core droplets pushed and thinned down the decane film. The thinning process of the oil film is observed optically through a microscope and electrically using a patch clamp amplifier via a pair of non-polarized Ag/AgCl electrodes inserted in two core water droplets. A BLM was formed from the center of the aperture as shown in Fig. 4(e) . From the phase contrast microscopic image, the "black" BLM region kept expanding until its area became around 95 Â 95 lm
2
. As can be seen in Fig. 4(f) , the dimension of the BLM was clearly seen from the Plateau-Gibbs border 43 and the black membrane area. The formation process of the horizontal suspended BLM between two encapsulated droplets with 1.5 lL, 0.1 M KCl core droplets and 0.1 lL, 28 mM DPhPC/decane shells can be seen in Video 1 [see Fig. 4 (multimedia view) ].
In the case of using 0.1 M KCl in 28 mM DPhPC/decane, the interfacial tension of KCl-decane was 34.3 mN/m (Fig. 2 and Table I) 300 lm-high core droplet remained a circular shape from the top view, the top view radius R 1 was 1.26 mm. Based on the contact angles of KCl, 90 on the Parylene and 140 and Teflon, the side view radius R 2 in the 300 lm-high gap became 0.39 mm. Hence, without applying voltage on the electrodes, radii of curvature were 1.26 and 0.39 mm of a 1.5 lL, 300 lm-high core droplet from the top and side views, respectively. The above parameters resulted in a Young-Laplace pressure of 115 N/m 2 that pressurized the oil film in the aperture. With the current setup and pressure, the average time for this thinning step was around 10 min. Because the pressure exerting on the oil film influences the thinning process, 19 the three-plate device presented here holds the possibility to accelerate the thinning process and optimize the BLM formation by altering the Young-Laplace pressure through contact angle change by EWOD.
E. BLM electrophysiological signals
In addition to microscopic observations, an electrophysiological method was adapted with a patch clamp amplifier and Ag/AgCl electrodes for BLM characterization. During the thinning process, a square wave (2 mV PP , 200 Hz), as shown in Fig. 5(a) , was applied across the aperture through the Ag/AgCl electrodes. The charging-discharging current was collected by the same pair of Ag/AgCl electrodes and processed by the patch clamp amplifier. The acquired current was monitored through an oscilloscope. The capacitance between the Ag/AgCl electrodes was calculated from the applied square wave voltage and the measured current. As the oil film became thinner during the BLM formation process, the capacitance increased. Finally, the measured charging-discharging current reached a maximum value, as shown in Fig. 5 BLM area (95 Â 95 lm 2 ), the specific capacitance of the BLM was approximately 0.48 lF/cm 2 . Because the permittivity of DPhPC is 2.7, 44 the thickness of the BLM was calculated to be 5 nm. Both the specific capacitance and the thickness of the BLM were in the reasonable reported range. 45 From the optical observation (Fig. 4 ) and electrophysiological measurements (Fig. 5(a) ), the process of BLM formation was recorded and confirmed.
F. Ion channel incorporation
To further evaluate the integrity of the BLM formed by EWOD-driven encapsulated droplets, membrane-bound aHL nanopores were incorporated and investigated by detecting the trans-membrane ion current. aHL molecules were first dissolved in the bottom 1.5 lL, 1 M KCl core droplet at the concentration of 5 lg/mL surrounded by a 0.1 lL, 28 mM DPhPC/decane shell. The top encapsulated droplet with a plain 1.5 lL, 0.1 M KCl core and a 0.1 lL, 28 mM DPhPC/decane shell was moved towards the aperture to form BLMs. After the BLM was formed, aHL monomer peptides started to insert into it. During aHL incorporation, 7 subunits were reconstituted into the BLM to form a 2.6 nm nanopore. 46 Under a fixed clamp voltage of 160 mV, we observed the ion current increased from zero along with the number of the incorporated aHL nanopores. After several minutes, the ion current reached a saturated value at around 800 pA. As can be seen in Fig. 5(b) , the ion current occasionally went up and down with a certain ion current step of around 80 pA. Each step represented a single aHL nanopore incorporated into or dissociated from the BLM. From the ion current step and the clamp voltage, the conductance of each aHL nanopore was 500 pS, corresponding to the conductance of a single nanopore under the tested KCl concentrations. 47 Furthermore, from the saturated ion current, we estimated that there were around 10 aHL nanopores in the 95 Â 95 lm 2 BLM whose area was smaller than the reported DIBs (e.g., 0.045 mm 2 and 0.067 mm 2 ) 33,37 without apertures. Studying fewer or a single ion channel protein(s) is possible by scaling down the dimension of the microfabricated aperture.
G. BLM across photo-definable polymer thin film
Although the middle silicon plate gave a well-defined aperture for BLM formation and ion channel protein incorporation, the geometry of the through hole and the electric property of silicon brought some disadvantages to be improved. On the one hand, by using anisotropic etching, only rectangular-shaped apertures could be fabricated though the silicon wafers. Larger stresses would occur on the formed BLM across a rectangular aperture than a circular one. In addition, the 250 lm-thick silicon rendered a relatively deep through hole that would trap a considerable amount of oil and cause problems in the thinning process. On the other hand, the Parylene-coated semi-conductive silicon plate generated a noticeable capacitance of 111.7 pF, almost three times of the BLM capacitance (43.4 pF). To reveal subtle electrophysiological signals from the BLMs, the capacitance and the noise from the device and environment needs to be reduced. A photo-definable polymer thin film was investigated to replace the middle silicon plate. The SEM of a 50 lm aperture is shown in Fig. 6(a) . The capacitance of PerMX between two 1.5 lL/0.1 lL encapsulated droplets and the parasitic capacitance of the equipment (measured 14.3 pF in advance) was totally 16.1 pF based on the chargingdischarging current (Fig. 6(b) ) when applying a 2 mV PP , 200 Hz square wave signal. The capacitance of the PerMX was 1.8 pF. A 25 lm-diameter BLM was formed across the 50 lm aperture as shown in Fig. 6(c) . From Fig. 6(d) , the capacitance of the BLM was 37.3 pF; the thickness of the BLM was around 5 nm. The significant advantage of using Parylene-coated 20 lm-thick PerMX is the reduced capacitance of 1.8 pF compared to 111.7 pF from the silicon middle plate. In addition, the transparent PerMX offers the simultaneous observation of the two encapsulated droplets, which is especially helpful when the droplets consist of different lipid/decane shells for asymmetric BLMs formation. As shown in Figs. 6(e) and 6(f), the green decane shell contained fluorescein-labeled lipid molecules, while the red decane shell contained rhodamine-dyed lipids.
H. BLM lifetime
Although the encapsulated droplets offer several advantages including automation, easy packaging, reduced lipid consumption, enhanced Young-Laplace interfacial tension for thinning process, and asymmetric BLM formation, the thin oil shells also render less resistance to water core evaporation. 39 Therefore, the lifetime of the BLM between the encapsulated droplets in our study was from several minutes in a dry environment to 1.5 h in a humidified environment. The lifetime can be elongated by eliminating the evaporation, for example, through sealed three-plate device packaging or through filling the empty interpolate space with oil after BLM formation. Moreover, photo-definable polymer thin film not only greatly reduces the middle plate capacitance, but also provides circular aperture that lowers stress on the formed BLMs and increases its lifetime. We noticed the tendency of longer lifetime on asymmetric BLMs, which will be examined in a low evaporation system in the future.
IV. CONCLUSION
BLMs were successfully formed at the aperture fabricated on the middle plate of the threeplate device. EWOD with lipid was examined and the CMC rendered lowest interfacial tension thus the lowest required EWOD voltage or the largest contact angle change. The whole system was able to drive the encapsulated droplets containing KCl cores, decane shells, and DPhPC monolayers at the KCl-decane interface. During BLM formation, the EWOD-tunable YoungLaplace pressure thinned the decane film between two KCl droplets. A pair of Ag/AgCl electrodes was pre-inserted close to the aperture and then touched the two KCl core droplets for capacitance and ion current measurements. The thickness of the formed BLM was measured to be 5 nm. From the measured ion current and the clamp voltage, the conductance of each incorporated aHL nanopore was recorded.
